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Abstract
Background: Global climate change is rapidly altering species range distributions and interactions within communities. As
ranges expand, invading species change interactions in communities which may reduce stability, a mechanism known to
affect biodiversity. In aridland ecosystems worldwide, the range of native shrubs is expanding as they invade and replace
native grassland vegetation with significant consequences for biodiversity and ecosystem functioning.
Methodology: We used two long-term data sets to determine the effects of shrub encroachment by Larrea tridentata on
subdominant community composition and stability in formerly native perennial grassland dominated by Bouteloua eriopoda
in New Mexico, USA.
Principal Findings: Our results indicated that Larrea invasion decreased species richness during the last 100 years. We also
found that over shorter temporal scales species-poor subdominant communities in areas invaded by Larrea were less stable
(more variable in time) compared to species rich communities in grass-dominated vegetation. Compositional stability
increased as cover of Bouteloua increased and decreased as cover of Larrea increased.
Significance: Changes in community stability due to altered interspecific interactions may be one mechanism by which
biodiversity declines in grasslands following shrub invasion. As global warming increases, shrub encroachment into native
grasslands worldwide will continue to alter species interactions and community stability both of which may lead to a
decline in biodiversity.
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Introduction
The measurement of ecological stability and the relationship
between community stability and diversity have been the subject of
much recent theoretical debate and empirical analysis [1]. In the
past, empirical studies of stability were hindered by a lack of long-
term data, yet such datasets are beginning to accumulate in both
experimentally- and naturally-assembled communities. Both
theory and manipulative experiments have demonstrated a
positive relationship between community stability and species
diversity in ecological communities [1–3]. Critical evidence for this
relationship occurs primarily in competitive communities (e.g.,
producers) where species diversity and the structure of species
interactions affect species composition and turnover [4,5],
population stability (e.g., rates of variation in population densities)
[6,7], and community stability (e.g., temporal variation in net
primary production) [2,8]. However, empirical research exploring
how specific changes in the structure of species interactions alters
multiple aspects of community stability, including species diversity
and the temporal rates of population and community change, are
still needed.
Theoretical and empirical research have shown that species
invasions and extinctions in competitive communities can affect
community compositional stability (e.g., temporal variability in
species diversity) because they can lead to further events of species
extinction or invasion [1,9,10]. Mathematical models attribute
these changes in community stability to shifts in the structure of
species interactions, with larger structural shifts leading to lower
community compositional stability [2,10–15]. Therefore, the
mode in which an invading species interacts is expected to be a
crucial factor affecting species diversity and community compo-
sitional stability in competitive communities [1,3,14,16–18]. Field
studies assessing the effects of species invasion on various aspect of
community stability are needed to validate predictions based on
theoretical models and to identify community and population
parameters that affect community compositional stability.
In arid and semiarid regions species interactions are important
factors structuring the diversity of plant communities [19–22].
Both competition and facilitation imposed by dominant species
affect temporal variation in the cover and species composition of
subdominant plant communities [6,23,24]. Therefore, in aridland
ecosystems, invasion or extinction of facilitating or competing
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various measures of the temporal stability of subdominant plant
species. Community instability or compositional community
instability can be defined as the gain or loss of species or changes
in species abundances that result in large directional changes in
community composition and diversity [25]. Temporal variability
in population and community parameters, including rates of
change in population density and rates of species turnover, also
may occur following species invasions. Thus, population and
community instabilities linked to invasion and extinction events
can yield valuable insights into the mechanisms responsible for
maintaining species diversity and certain aspects of community
stability in time [1,2,4,26].
During the last century, C4-dominated grasslands worldwide
have experienced dramatic and rapid ecological changes due to
encroachment by native C3 shrubs [27–29]. In southwestern
North America more than 19 million hectares of arid and semi-
arid C4-dominated grassland have been invaded by Larrea tridentata
(creosote bush), a common C3 shrub native to North American
desert ecosystems [28]. Shrub invasion promotes loss of biodiver-
sity and impacts various aspects of ecosystem functioning [28–33].
Larrea invasion is thought to result from multiple drivers including
overgrazing, altered disturbance regimes, elevated atmospheric
CO2, and especially altered precipitation regimes and increased
temperatures [28,34]. Indeed, the northern distribution of Larrea is
known to be limited, in part, by winter night time low
temperatures which have increased by as much as 2uC over the
last century in parts of the US southwest [35,36]. Because climate
change is potentially an important driver of shrub encroachment,
this phenomenon is likely to continue across arid and semi-arid
grasslands worldwide.
Here, we explore the effects of Larrea invasion on the local
extinction of the native C4 grass Bouteloua eriopoda, and the
population and community stability of subdominant species in a
northern Chihuahuan Desert ecosystem. We hypothesize that
changes in species interactions due to the replacement of the
competitive grassBouteloua,withthepredominantlyfacilitative shrub
Larrea [19,37,38] result in altered patterns of population and
community stability. To test this hypothesis we used long-term
(1995–2004) vegetation data from permanent plots to quantify
population, compositional, and community cover stability [2,39] in
pre-invasion Bouteloua-dominated plant communities and post-
invasion Larrea-dominated communities at the Sevilleta National
Wildlife Refuge (SNWR), central New Mexico, USA. We also used
data from 1915 through 2001 to examine the effects of Larrea
invasion on species diversity in Bouteloua-dominated communities at
the Jornada LTER in southern New Mexico, USA. Understanding
the effects of invasion on community stability is particularly
important given the current global trends of biodiversity loss and
changes in species distribution and abundance [4].
Methods
We used two long-term datasets to evaluate the effects of shrub
invasion on richness and dynamics of subordinate species in
Chihuahuan desert plant communities. Historical photographs
from the SNWR show that Larrea has invaded formerly C4
dominated grasslands during the last 100 years, primarily
displacing the native C4 grass Bouteloua eriopoda (black grama). In
this area, vegetation invaded by Larrea has consistently 20–30%
fewer species of vascular plants per m
2 than adjacent non-invaded
grasslands dominated by Bouteloua (14.05 SE 0.52 vs. 21.4 SE 0.59
1-m
2, respectively; Repeated Measures MANOVA, F1,14=26.27,
P,0.001; [40]). Thus, to test for differences in community and
population stability following shrub invasion, we used 10-years
(1995–2004) of vegetation measurements in permanent plots
located in native grassland and nearby areas currently dominated
by Larrea but formerly dominated by C4 grasses at the SNWR. Our
study sites were located 4 km apart, with the permanent vegetation
plots in grass vegetation located 1 km north of the current grass-
shrub transition zone, and the shrub invaded plots were 3 km
south of the transition zone. The SNWR is a 100,000 ha area
located along the Rio Grande in Central New Mexico. Mean
annual temperature at the study site (1989–2006) is 13.2uC and
the average annual precipitation is 255 mm, of which 60% occurs
during the monsoon season from July through September. In
addition, to assess the effects of Larrea invasion on plant species
diversity in Bouteloua-dominated grassland we used long-term
(1915–2001) vegetation measurements taken in permanent
quadrats in C4-dominated grassland that underwent shrub
invasion around 1960 at the Jornada Experimental Range (JER)
in south-central New Mexico [41,42] approximately 270 km south
of the SNWR. Mean annual temperature and average annual
precipitation at the JER are similar to values at the SNWR [41].
For the community stability analyses we used annual data from
1995 to 2004 collected in 193 permanently located 1-m
2 quadrats
in a native grassland community dominated by Bouteloua eriopoda
(black grama), and in a former grassland area (prior to 1950) that is
now dominated by Larrea tridentata (creosote bush). At the grassland
and shrubland sites, quadrats were located in four replicate
36636 m plots. In each plot vegetation was measured in 36
permanently located 1-m
2 quadrats placed five meters apart in an
evenly spaced 666 grid. The cover of all plant species was
measured annually using a 1-m
2 frame divided into 10 cm units to
facilitate cover estimates (for further details on the experimental
layout see [40]). Within each site we restricted our analyses to plots
where the dominants, Larrea or Bouteloua, had a minimum mean
cover of 0.1% over 10 years. A total of 193 1-m
2 quadrats met this
criterion, 100 of which were located in Bouteloua-dominated
grassland, and 93 in Larrea-invaded shrubland. In this system, as
in other aridland ecosystems, grass- and shrub-dominated areas
resulted in spatially structured communities in which soil moisture
and nutrients are concentrated in ‘‘islands of fertility’’ beneath
patches of vegetation [43–45]. In both vegetation types annual
forbs and grasses are common. Shrub-dominated vegetation, in
particular, has a relatively high cover of large seeded winter annual
forbs. In contrast, grass-dominated vegetation has high richness
and cover of small-seeded annual forbs, which are primarily
present during summer [46]. The annual cover of all plant species
in each quadrat was estimated in May when winter annuals peak
in abundance and biomass, and again in September when
perennial and summer annual species peak in abundance and
biomass in response to the summer monsoon. Cover for each
species was expressed as a percentage of the summed total of
species maximum cover values in each quadrat in each year.
In addition, we used data from the JER to determine if plant
species diversity declines as Larrea invasion occurs or if Larrea
invades areas that are already low in species diversity. To do so, we
evaluated changes in species diversity in nine permanently located
1-m
2 quadrats where species composition was recorded at
irregular time intervals between 1915 and 2001 [41]. All quadrats
were originally dominated by Bouteloua eriopoda in 1915 but are now
completely dominated by Larrea tridentata.
Data analyses
All analyses of data from the SNWR were conducted by pooling
quadrats across the four blocks within each vegetation type and
considering the quadrats as independent samples [47]. Pooling
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species was randomly distributed within plots and blocks, quadrats
were separated by distances of 5 to 272 m (i.e., 5 to 272 times the
area of a sampling unit), and there were no significant block effects
on Larrea (R
2=0.002, F3,96=0.066, P=0.97) or Bouteloua
(R
2=0.022, F3,88=0.073, P=0.54) cover.
Ecological stability has many different definitions and metrics
[1,25]. In this study, we quantified four measures of ecological
stability: cover stability, compositional stability, population stability,
and species turnover as defined below. Following Tilman et al.
(2006), cover stability of the subdominant community was measured as
the mean cover divided by the temporal standard deviation of cover.
Compositional stability was measured as the mean of the Euclidian
distances calculated for all the possible temporal pair comparisons of
the subdominant community in each quadrat (i.e., yr 1 vs. yr 2, yr 1
vs. yr 3, yr 1 vs. yr 4… and yr 9 vs. yr 10 [25]) and multiplied by 21
to make the variable more intuitive in terms of stability. Because
indices of stability may be affected by differences in species richness,
we used the log-transformed residuals of a linear regression of log-
transformed compositional stability vs. mean species richness in our
ANCOVA models to eliminate possible effects of species richness on
this measure of stability. Turnover was the sum of the probabilities of
colonization and extinction for each species that occurred in a
quadrat. Turnover was calculated using a Markovian chain
probabilistic function (colonization l+extinction d, where l=k/k+l
and d=m/m+n, where k number of colonization events, l=number
of stage persistence events from absent to absent, m=number of
extinction events, n=number of presence persistence events [48]. In
addition, we evaluated the population stability of subdominants by
dividing the mean cover of each species over 10 years by the
temporal standard deviation of cover for that species and taking the
mean of these values [2].
Analysis of covariance (ANCOVA) and linear regressions were
used to assess the effects of the dominant species, Bouteloua and
Larrea, on subdominant population and community stability at the
quadrat scale. ANCOVA models were used to evaluate the
dynamics, structure, and species richness of subdominant
communities as a function of vegetation type (i.e., site), cover of
the dominant species, Bouteloua or Larrea, and the interaction
between site and cover of dominants. The temporal mean cover of
Bouteloua and Larrea was used to evaluate the effect of the dominant
species on the subdominant communities of a given quadrat
because cover fluctuated from one year to the next but there was
no overall net change in cover of the dominant species over the
study period [40]. We used ANCOVA analyses to evaluate
whether Bouteloua and Larrea had similar effects on subdominant
community structure and stability. Thus, we assessed how the
cover of the dominant species affected the cover and species
richness (10-year mean of species present in a given quadrat) of
subdominants as a whole, as well as by life form (forbs, grasses and
shrubs), life history, (summer annuals, winter annuals, and
perennials), and distribution (shared between grass and shrub
vegetation, or restricted to either vegetation type). Most of the
dependent variables were square root or log-transformed to
achieve normality.
Results
At the SNWR, fifty-six percent of subdominant species were
found in both grass- and shrub-dominated vegetation (Jaccard
index of dissimilarity=0.44). In each community, the cover of the
dominant species affected the stability, structure, and species
richness of the subdominant communities (Table 1, Figure 1). A
significant site by dominant species cover interaction indicated
that Bouteloua and Larrea had opposite effects on the directionality
of compositional stability (Table 1, Figure 1). As cover of Bouteloua
increased, compositional stability of subordinate species increased
due to decreased turnover rates. In contrast, as cover of Larrea
increased, compositional stability of subordinate species decreased
and turnover rates increased. However, both Bouteloua and Larrea
had a negative effect on cover stability of the subdominant
communities as a whole (F1,99=5.7, P=0.02, Tables 1, 2). That is,
variation in the total cover of subdominant species increased as
cover of the dominants increased in both grass- and shrub-
dominated vegetation. In addition, high cover values of Bouteloua
significantly decreased the population stability of subdominant
species (i.e., variations in the cover of subdominant species
increased), whereas the cover of Larrea had no effect on population
stability of subdominants (Tables 1, 2).
Bouteloua and Larrea also had opposite effects on the structure
and richness of subdominant communities (Appendices 1, 2). The
cover of virtually all subdominants grouped according to life forms
and life histories decreased as cover of Bouteloua increased, whereas
cover of subdominants increased as cover of Larrea increased. This
was true for species of subdominants found only in the Bouteloua or
Larrea communities as well as for those species that occurred in
both community types (Appendix S1). Consistent with these
trends, species richness of the subdominant communities was
negatively related to cover of Bouteloua, and positively related to
cover of Larrea, although this relationship was marginally non-
significant for the latter (Appendix S2).
Despite the negative relationship between Bouteloua cover and
cover of subdominants, after controlling for cover of the dominant
species at each vegetation type, cover of forbs, shrubs, summer
annuals, and shared species of subdominants was higher in
Bouteloua- compared to Larrea-dominated sites (Appendix S1). In
contrast, the cover of winter annuals, perennials, and species
unique to each community type did not differ between Bouteloua-
and Larrea-dominated areas. Overall, cover of Bouteloua in
grassland vegetation was not significantly different than cover of
Larrea in shrubland areas (ANOVA, F1,191=0.091, P=0.863), but
cover of subdominants was slightly higher in Bouteloua than in
Larrea dominated vegetation (ANOVA, F1,190=3.78, P=0.053;
Table 2). Thus, despite the apparent facilitation of subdominant
species by Larrea, total cover of subdominants was lower in Larrea-
dominated areas (Table 2).
It is conceivable that differences in compositional stability and
species richness between grass- and shrub-dominated areas are a
function of different environmental conditions [1]. Our study sites
at the Sevilleta are only a few kilometers apart so they experience
similar seasonal and annual climate variability. Soil conditions
(carbon and nitrogen) and annual net primary productivity do not
differ between our Larrea and Bouteloua-dominated sites [44,49].
In addition, data from the long-term permanent quadrats at
JER show that Larrea invaded species-rich Bouteloua-dominated
sites, and that as Larrea invasion progressed through time, total
species diversity (Linear regression: F1,65=17.83, R
2=0.22,
P,0.001) and the cover of Bouteloua decreased (Quadratic
regression: F1,65=6.43, R
2=0.17, P=0.002; Linear regression:
y=8336.524.0x, R
2=0.06, P=0.001, Figure 2). For these
analyses, time was used as a proxy for increasing cover of Larrea,
as woody species were not sampled in the permanent vegetation
quadrats but the areas in which these quadrats were located were
invaded by Larrea during the sampling period. Therefore, this
evidence supports the idea that at the SNWR, Larrea invasion, and
not initial differences in species diversity or environmental factors,
was the main cause of species loss in areas that were formerly
dominated by C4 grasses.
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Overall, the dominant species, Bouteloua and Larrea, had radically
different effects on the compositional stability of subdominant
communities at the Sevilleta. Although relationships are relatively
weak in some cases, the key is how they differ significantly in
direction. In particular, compositional stability increased as cover
of Bouteloua increased and decreased as cover of Larrea increased.
Our results also suggested that the dominant species had opposite
interspecific interactions with subdominant species. That is, total
cover of subdominants decreased as cover of Bouteloua increased
suggesting that Bouteloua competes with virtually all groups of
subdominants regardless of their life form, life history, and
distribution. In contrast, cover of subdominants increased as
Larrea cover increased, suggesting that Larrea may facilitate
subdominant species in this aridland ecosystem.
It has been proposed that invasive species disrupt the
community properties that maintain species diversity at small
spatial scales [50,51]. However, field studies exploring the
mechanisms that cause biodiversity loss during biological invasions
are scarce. Our long-term study shows that the invasion of Larrea
and the local extinction of Bouteloua affected community compo-
sitional stability, and species diversity. We found that subdominant
communities in areas invaded by Larrea over 50 years ago at the
SNWR differed in their current patterns of community stability, as
Larrea invaded areas had lower compositional stability compared
to communities in Bouteloua-dominated vegetation. Thus, our
findings confirm predictions from theoretical studies that species
invasion can lead to changes in community structure, species
interactions, and loss of species diversity. In addition, our study
expands on previous studies by demonstrating that species
invasion can alter compositional stability by increasing the rate
of species turnover.
Recent analyses indicate that species diversity is rarely a
primary driver of community stability, when stability is defined as
changes in species richness [1,14]. Although communities with
high species diversity may be more resistant to invasion and have
higher compensation potential following local extinction events,
species invasion and extinction are more likely to cause larger
species losses in species rich than in species poor communities
[1,10,18]. In contrast, a growing body of evidence suggests that the
structure of species interactions is a critical determinant of stability
in natural communities [3,16]. Thus, in our aridland ecosystem,
lower community stability is likely due to changes in the structure
of species interactions due to the replacement of a competitive
grass with a predominantly facilitative shrub, rather than to initial
differences in species diversity in invaded vs. non-invaded areas,
and to species loss after Larrea invasion.
Our long-term field observations demonstrated that the
compositional stability of subdominant communities depended
Table 1. ANCOVA results for the effects of vegetation type (site) and cover of Larrea and Bouteloua on the population and
community stability of subdominants.
Factors Estimates Whole model
Term d.f. Estimate SE t -ratio P r
2 P
Population stability Intercept 0.454 0.009 50.29 ,0.001 0.06 0.012
site 1 20.006 0.004 21.4 0.163
cover 1 20.0004 0.0002 21.83 0.068
site x cover 1 0.001 0.0002 3.03 0.002
Cover stability Intercept 1.283 0.061 21.1 ,0.001 0.10 ,0.001
site 1 0.059 0.028 2.05 0.041
cover 1 20.006 0.001 23.49 ,0.001
site x cover 1 0.001 0.001 0.85 0.394
Compositional stability (log) Intercept 0.04 0.095 0.42 0.672 0.14 ,0.001
site 1 20.001 0.045 20.02 0.986
cover 1 20.001 0.002 20.53 0.594
site x cover 1 20.01 0.002 23.7 ,0.001
Turnover Intercept 0.63 0.013 46.05 ,0.001 0.32 ,0.001
site 1 20.056 0.006 28.76 ,0.001
cover 1 20.0002 0.0003 20.53 0.593
site x cover 1 0.001 0.0003 2.74 0.006
Colonization Intercept 0.331 0.01 36.72 ,0.001 0.27 0.004
site 1 20.032 0.004 27.66 ,0.001
cover 1 20.0001 0.0002 20.71 0.48
site x cover 1 0.0007 0.0002 2.85 0.004
Extinction Intercept 0.297 0.007 40.62 ,0.001 0.25 ,0.001
site 1 20.027 0.003 27.87 ,0.001
cover 1 20.0001 0.0002 20.34 0.735
site x cover 1 0.0002 0.0002 1.4 0.163
Compositional stability was logarithmically (log) transformed.
doi:10.1371/journal.pone.0002332.t001
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results confirm predictions from theoretical and empirical research
suggesting that community stability is often determined by one or
a few species that have strong effects on the structure of
interspecific interactions within a community [12,52,53]. Indeed,
prior research in grasslands demonstrates that patterns of species
dominance may be better predictors of compositional stability
than total cover [5]. Furthermore, theoretical work indicates that
incompetitive communities (e.g.,primary producers) the structure of
interspecific interactions is the most relevant factor determining
community stability [12]. In particular, community models reveal
that the mean and variance of interspecific interactions are decisive
parameters that dictate community stability [7]. Specifically, these
models show that competitive communities are destabilized when an
invading species has a large effect on the mean and variance of
interspecific interactions within a community [14,17]. For instance,
in communities where weak interactions predominate, the invasion
of a strongly interacting species causes large deviations in the mean
and variance of overall interspecific interactions and leads to species
loss. Although we do not evaluate interspecific interactions in
Bouteloua-a n dLarrea-dominated communities in detail, other work at
SNWR has shown that Bouteloua competes with subordinate species
whereas Larrea facilitates subordinate species [19]. Thus, our
empirical results are consistent with theoretical models that show
that lower community stability resulted from altered interspecific
interactions as a result of the replacement of a competitive by a
facilitative species.
As consequence, we argue that in this aridland ecosystem, Larrea
invasion destabilized subdominant communities because Larrea
altered the structure of interspecific interactions. That is, the mean
and variance of the intensity of interspecific interactions of invaded
communities changed because Larrea facilitates subdominants
instead of competing with them as does Bouteloua [19] (Table 2,
Appendix S2). These interactions are themselves unstable (or
variable), however, because facilitation by shrubs has been shown
to have both positive and negative effects on subdominant
communities depending on environmental conditions [24,54].
During periods of extreme heat and drought shrubs facilitate
subdominants through water uplift and shade, whereas they
compete with subdominants under more favorable environmental
conditions [20,21,55]. In contrast, Bouteloua consistently competes
with subdominant species [19,38,56]. Hence, the broad range of
interactions exerted by Larrea on subdominant species may cause
drastic changes in the structure of interspecific interactions within
shrub-dominated areas which can decrease compositional and
community stability [23], while the steady competitive effects of
Figure 1. Linear regressions (solid lines) and means (dotted lines) of stability and species turnover of subdominant communities as
a function of the cover of Larrea and Bouteloua, at the Sevilleta National Wildlife Refuge, New Mexico, USA.
doi:10.1371/journal.pone.0002332.g001
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and enhance compositional stability. These divergent interactions
are further enhanced at our study site because nutrient
concentrations and soil moisture although comparable beneath
grass and shrub canopies have higher temporal variation beneath
the canopy of Larrea compared to Bouteloua [44], indicating that
subdominants beneath Larrea are subjected to higher temporal
heterogeneity of resources.
Processes responsible for community stability can be linked to
the temporal variation (i.e., stability) of different parameters at
both the community and population levels. Therefore, examining
population and community variation can yield insights into the
processes responsible for compositional stability in natural
communities. In particular, field and theoretical studies indicate
that in plant communities, high species diversity stabilizes
community productivity or cover due to population level instability
[2,7,13]. In our study, however, population and community
parameters for compositional stability were counter to those
predicted from these studies. In fact, Larrea and Bouteloua had
opposite effects on compositional and population stability, but
equally negative effects on the cover stability of subdominants as a
whole (Figure 1, Table 1). For instance, as cover of Bouteloua
increased, subdominants experienced increasing variability in total
community cover and population size, while the composition of
subordinate species remained stable through time. In contrast, as
cover of Larrea increased, total community cover and species
composition of subdominants were less stable, while population
stability was unaffected by cover of Larrea. In our system, only the
rates of species turnover (colonization and extinction) explained
the overall patterns of compositional stability of subdominant
communities (Table 1, Figure 1).
It is possible that ten years is not long enough to capture
ecologically meaningful links among species invasion/extinction,
compositional stability, and patterns of variation of population size
in this system. It is also possible that increased rates of species
turnover caused population instabilities that led to species
extinctions some time in the past. In such case, the present
patterns of compositional stability would be relicts of past
community dynamics, and do not currently influence other aspects
of community stability. Due to the lack of information on
community and population dynamics during the time when Larrea
invasion occurred at SNWR, our results add to the continuing
conundrum regarding how population variability contributes to
different aspects of community stability [57]. However, these
findings support the idea that species interactions and composition
play a critical role in defining the stability-diversity relationship
[12] and the role of biotic interactions in plant invasions [58].
Therefore, interspecific interactions imposed by dominant species
may play a more critical role in defining community stability than
previously realized [5].
Although long-term observational data necessarily limits the
identification of causes and effects due to the correlative nature of
many processes in nature, such data help to identify factors that
may be drivers of key ecological processes. In our study, we can
not reject the hypothesis that changes in compositional stability
result from loss of species diversity at the SNWR. However,
diversity per se appears to be a secondary driver of community
stability in this system and diversity is itself subject to variations in
Table 2. Means, Standard Errors, and estimates of linear regression of community stability, structure, and species richness of
subdominant species as a function of the cover of the dominant species, Larrea tridentata and Bouteloua eriopoda over a 10 year
period at the Sevilleta NWR.
Larrea Bouteloua
Stability Mean (SE) Equation r
2 P n Mean (SE) Equation r
2 P n
Population stability 0.43(0.01) y=0.42+0.0003x 0.02 0.228 92 0.44(0.004) y=0.4820.001x 0.13 ,0.001 100
Community stability 1.16(0.05) y=1.3020.01x 0.08 0.008 90 1.04(0.03) y=1.2720.01x 0.09 0.002 100
Compositional stability (log) 3.95
216(0.09) y=0.3520.011x 0.17 ,0.001 91 1.10
215(0.04) y=20.27+0.01x 0.06 0.013 100
Probabilites of turnover 0.57(0.01) y=0.54+0.001x 0.06 0.018 91 0.68(0.007) y=0.7220.001x 0.04 0.037 100
Probabilities of colonization 0.29(0.01) y=0.28+0.001x 0.05 0.03 93 0.36(0.004) y=0.3920.001x 0.07 0.008 100
Probabilities of extinction 0.27(0.01) y=0.26+0.0002x 0.01 0.257 93 0.32(0.004) y=0.3320.0004x 0.01 0.243 100
Structure and richness
Cover according to life forms
Forbs (sqrt) 1.1(0.05) y=0.85+0.01x 0.25 ,0.001 92 1.34(0.04) y=1.6620.01x 0.12 ,0.001 100
Grasses (sqrt) 1.58(0.12) y=1.55+0.001x 0.001 0.83 75 1.64(0.06) y=1.8720.01x 0.02 0.145 97
Shrubs (sqrt) 1.43(0.095) y=1.22+0.01x 0.06 0.058 57 1.15(0.05) y=1.5520.01x 0.09 0.002 95
Cover according to life history
Summer annuals (sqrt) 1.03(0.06) y=0.86+0.01x 0.08 0.007 88 1.51(0.04) y=1.7620.01x 0.06 0.018 100
Winter annuals (sqrt) 1.08(0.06) y=0.76+0.01x 0.39 ,0.001 91 1.03(0.04) y=1.1920.01x 0.03 0.113 99
Perennials (sqrt) 1.5(0.09) y=1.40+0.003x 0.01 0.319 83 1.45(0.04) y=1.8820.01x 0.16 ,0.001 100
Cover according to distribution
Restricted (log) 0.51(0.07) y=0.25+0.01x 0.27 0.002 33 0.34(0.04) y=0.4720.004x 0.03 0.218 52
Shared (log) 0.43(0.03) y=0.37+0.002x 0.07 0.01 92 0.5(0.01) y=0.6520.01x 0.22 ,0.001 100
Species richness 2.38(0.15) y=2.12+0.01x 0.06 0.089 93 4.73(0.11) y=6.3320.05x 0.33 ,0.001 100
Cover dominant species 30.08(3.15) 93 31.07(1.26) 100
Some of the variables were logarithmically (log) or square root (sqrt) transformed.
doi:10.1371/journal.pone.0002332.t002
Shrub Invasion and Stability
PLoS ONE | www.plosone.org 6 June 2008 | Volume 3 | Issue 6 | e2332community stability and environmental factors [1]. In conclusion,
our long-term analysis of population and community dynamics
demonstrated that Larrea invasion into Bouteloua-dominated
grassland reduced cover of the dominant C4 grass and total
species richness, as well as total cover and community stability of
subordinate species. These changes, in concert with other factors,
such as changes in plant chemical compounds [37], altered niche
differentiation at the plant scale [19,23,59] and decreased niche
dimensionality at the community scale due to shifts in soil resource
availability [60], may contribute to biodiversity loss as native C3
shrubs invade areas formerly dominated by long-lived perennial
C4 grasses [43]. To the extent that cover reflects abundance, lower
cover leads to lower biodiversity by increasing the probability of
local extinction through both stochastic (drift) and deterministic
(competition) mechanisms [2,61]. As global change continues to
create conditions that favor C3 shrubs over C4 grasses in arid and
semiarid ecosystems worldwide [42], compositional stability will
likely decline further through altered species interactions [62],
increased environmental variability, and altered disturbance
cycles. Therefore, loss of compositional stability may be an
increasingly important cause of species loss during biological
invasions. In addition, long-term studies of the consequences of
invasion by native species can serve as valuable surrogates to
understand the impacts of invasion by non-indigenous species on
community structure and function under future climate scenarios.
Supporting Information
Appendix S1 ANCOVA results for the effects of vegetation type
(site) and cover of Larrea and Bouteloua on the cover of functional
groups, and species richness of subdominant plant communities.
Found at: doi:10.1371/journal.pone.0002332.s001 (0.09 MB
DOC)
Appendix S2 Linear regressions (solid lines) and means (dotted
lines) of the 10-year mean cover and species richness of
subdominants as a function of the cover of Larrea and Bouteloua
at the Sevilleta NWR.
Found at: doi:10.1371/journal.pone.0002332.s002 (0.07 MB TIF)
Acknowledgments
We thank James H. Brown, William Pockman, Katie N. Suding, David
Tilman and Emilio Bruna for comments on earlier versions of the
manuscript.
Author Contributions
Conceived and designed the experiments: SC SB. Performed the
experiments: SC SB. Analyzed the data: SB. Contributed reagents/
materials/analysis tools: SC SB. Wrote the paper: SC SB.
References
1. Ives AR, Carpenter SR (2007) Stability and diversity of ecosystems. Science 317:
58–62.
2. Tilman D (1999) The ecological consequences of changes in biodiversity: a
search for general principles. Ecology 80: 1455–1474.
3. McCann KS (2000) The diversity-stability debate. Nature 405: 228–233.
4. Scheffer M, Carpenter SR (2003) Catastrophic regime shifts in ecosystems:
linking theory to observation. Trends in Ecology & Evolution 18: 648–656.
5. Sankaran M, McNaughton SJ (1999) Determinants of biodiversity regulate
compositional stability of communities. Nature 401: 691–693.
6. Wilby A, Shachak M (2004) Shrubs, granivores and annual plant community
stability in an arid ecosystem. Oikos 106: 209–216.
7. Ives AR, Hughes JB (2002) General relationships between species diversity and
stability in competitive systems. The American Naturalist 159: 388–395.
8. Hooper DU, Chapin FS, Ewel JJ, Hector A, Inchausti P, et al. (2005) Effects of
biodiversity on ecosystem functioning: a consensus of current knowledge.
Ecological Monographs 75: 3–35.
9. Scheffer M, Carpenter S, Foley JA, Folke C, Walker B (2001) Catastrophic shifts
in ecosystems. Nature 413: 591–596.
10. Lundberg P, Ranta E, Kaitala V (2000) Species loss leads to community closure.
Ecology Letters 3: 465–468.
11. May RM (1973) Stability and complexity in model ecosystems. Princeton, N.J.:
Princeton University Press.
12. Hughes JB, Roughgarden J (2000) Species diversity and biomass stability. The
American Naturalist 155: 618–627.
13. Lehman CL, Tilman D (2000) Biodiversity, stability, and productivity in
competitive communities. The American Naturalist 156: 534–552.
14. Jansen VAA, Kokkoris GD (2003) Complexity and stability revisited. Ecology
Letters 6: 498–502.
15. Tilman D (1996) Biodiversity: population versus ecosystem stability. Ecology 77:
350–363.
16. McCann KS, Hastings A, Huxel GR (1998) Weak trophic interactions and the
balance of nature. Nature 395: 794–798.
17. Kokkoris GD, Jansen VAA, Loreau M, Troumbis AY (2002) Variability in
interaction strength and implications for biodiversity. Journal of Animal Ecology
71: 362–371.
18. Fowler MS, Lindstrom J (2002) Extinctions in simple and complex systems.
Oikos 99: 511–517.
19. Hochstrasser T, Peters DPC (2004) Subdominant species distribution in
microsites around two life forms at a desert grassland-shrubland transition
zone. Journal of Vegetation Science 15: 615–622.
20. Holzapfel C, Mahall BE (1999) Bidirectional facilitation and interference
between shrubs and annuals in the Mohave Desert. Ecology 80: 1747–1761.
21. Tielborger K, Kadmon R (2000) Temporal environmental variation tips the
balance between facilitation and interference in desert plants. Ecology 81:
1544–1553.
22. Aguiar MR, Sala OE (1994) Competition, facilitation, seed distribution and the
origin of patches in a Patagonian steppe. Oikos 70: 26–34.
23. Tielborger K, Kadmon R (1997) Relationships between shrubs and annual
communities in a sandy desert ecosystem: a three year study. Plant Ecology 130:
191–201.
24. Callaway RM (2007) Positive Interactions and Interdependence in Plant
Communities. Dordrecht, The Netherlands: Springer.
Figure 2. Change in species richness (upper panel) and Bouteloua
cover (lower panel) from 1915 to 2001 in permanent vegetation
quadrats located in Bouteloua-dominated areas that were
invaded by Larrea at the Jornada Basin LTER, New Mexico, USA.
doi:10.1371/journal.pone.0002332.g002
Shrub Invasion and Stability
PLoS ONE | www.plosone.org 7 June 2008 | Volume 3 | Issue 6 | e233225. Collins SL (2000) Disturbance frequency and community stability in native
tallgrass prairie. The American Naturalist 155: 311–325.
26. Houlahan JE, Currie DJ, Cottenie K, Cummings GS, Ernest MSK, et al. (2007)
Compensatory dynamics are rare in natural ecological communities. Proceed-
ings of the National Academy of Sciences 104: 3273–3277.
27. Scholes RJ, Archer SR (1997) Tree-grass interactions in savannas. Annual
Review of Ecology and Systematics 28: 517–544.
28. Van Auken OW (2000) Shrub invasions in North American semiarid grasslands.
Annual Review of Ecology and Systematics 31: 197–215.
29. Knapp AK, Briggs JM, Collins SL, Archer SR, Bret-Harte MS, et al. (2008)
Shrub encroachment in North American grasslands: shifts in growth form
dominance rapidly alters control of ecosystem carbon inputs. Global Change
Biology.
30. Huenneke LF, Anderson JP, Remmenga M, Schlesinger WH (2002) Deserti-
fication alters patterns of above ground primary productivity in Chihuahuan
ecosystems. Global Change Biology 8: 247–264.
31. Hughes RF, Archer SR, Asner GP, Wessman CA, McMurtry C, et al. (2006)
Changes in aboveground primary production and carbon and nitrogen pools
accompanying woody plant encroachment in a temperate savanna. Global
Change Biology 12: 1733–1747.
32. Bhark EW, Small EE (2003) Association between plant canopies and the spatial
patterns of infiltration in shrubland and grassland of the Chihuahuan Desert,
New Mexico. Ecosystems 6: 185–196.
33. Jackson RB, Banner JL, Jobbagy EG, Pockman WT, Wall DH (2002) Ecosystem
carbon loss with woody plant invasion of grasslands. Nature 418: 623–626.
34. Archer SR, Schimel DS, Holland EA (1995) Mechanisms of shrubland
expansion - land-use, climate or CO2. Climatic Change 29: 91–99.
35. Pockman WT, Sperry JS (1997) Freezing-induced xylem cavitation and the
northern limit of Larrea tridentata. Oecologia 109: 19–27.
36. Peters DPC, Bestelmeyer BT, Herrick JE, Monger C, Havstad KM (2006)
Dissentangling complex landscapes: new insights into arid and semiarid system
dynamics. BioScience 56: 491–501.
37. Whitford WG (2002) Ecology of Desert Systems. London: Academic Press. pp
1–343.
38. Baggs JE (1997) The role of Bouteloua eriopoda in the community structure and
ecosystem function of a semi-arid grassland. Las Cruces, NM: New Mexico State
University.
39. Tilman D, Reich PB, Knops JMH (2006) Biodiversity and ecosystem stability in
a decade-long grassland experiment. Nature 411: 629–632.
40. Ba ´ez S, Collins SL, Lightfoot D, Koontz TL (2006) Bottom-up regulation of
plant community structure in an aridland ecosystem. Ecology 87: 2746–2754.
41. Yao J, Peters DPC, Havstad KM, Gibbens RP, Herrick JE (2006) Multi-scale
factors and long-term responses of Chihuahuan Desert grasses to drought.
Landscape Ecology 21: 1217–1231.
42. Peters DPC, Pielke RA, Bestelmeyer BT, Allen CD, Munson-McGee S, et al.
(2004) Cross-scale interactions, nonlinearities, and forecasting catastrophic
events. Proceedings of the National Academy of Sciences of the United States of
America 101: 15130–15135.
43. Cross AF, Schlesinger WH (1999) Plant regulation of soil nutrient distribution in
the northern Chihuahuan Desert. Plant Ecology 145: 11–25.
44. Kieft TL, White CS, Loftin SR, Aguilar R, Craig JA, et al. (1998) Temporal
dynamics in soil carbon and nitrogen resources at a grassland-shrubland ecotone
Ecology 79: 671–683.
45. Ravi S, D’Odorico P, Zobecck TM, Over TM, Collins SL (2007) Feedbacks
between fires and wind erosion in heterogeneous aridlands. Journal of
Geophisical Research 112: G04007, doi:04010.01029/02007JG000474.
46. Kroel-Dulay G, Odor P, Peters DPC, Hochstrasser T (2004) Distribution of
plant species at a biome transition zone in New Mexico Journal of Vegetation
Science 15: 531–538.
47. Valone TJ, Schutzenhofer MR (2007) Reduced rodent biodiversity destabilizes
plant populations. Ecology 88: 26–31.
48. Clark CW, Rosenzweig ML (1994) Extinction and colonization processes:
parameter estimates from sporadic surveys. The American Naturalist 143:
583–596.
49. Muldavin EH, Moore DI, Collins SL, Wetherill K, Lightfoot D (2008) Above
ground primary production dynamics in a northern Chihuahuan Desert
ecosystem. Oecologia 155: 123–132.
50. Reinhart KO, Maestre FT, Callaway RM (2006) Facilitation and inhibition of
seedlings of an invasive tree (Acer platanoides) by different species in a mountain
ecosystem. Biological Invasions 8: 231–240.
51. Callaway RM, Maron JL (2006) What have exotic plant invasions taught us over
the past 20 years. Trends in Ecology and Evolution 21: 369–374.
52. Yodzis P (1981) The stability of real ecosystems. Nature 289: 674–676.
53. De Ruiter PC, Neutel AM, Moore JC (1995) Energetics, patterns of interaction
strenghts, and stability in real ecosystems. Science 269: 1257–1260.
54. Holmgren M, Scheffer M, Huston MA (1997) The interplay of facilitation and
competition in plant communities. Ecology 78: 1966–1975.
55. Pugnaire FI, Haase P, Puigdefabregas J (1996) Facilitation between higher plant
species in a semiarid environment. Ecology 77: 1420–1426.
56. Buonopane M, Huenneke LF, Remmenga M (2005) Community response to
removals of plant functional groups and species from a Chihuahuan Desert
shrubland. Oikos 110: 67–80.
57. Cottingham KL, Brown BL, Lennon JT (2001) Biodiversity may regulate the
temporal variability of ecological systems. Ecology Letters 4: 72–85.
58. Mitchell CE, Anurag AA, Bever JD, Gilbert GS, Hufbauer RA, et al. (2006)
Biotic interactions and plant invasions. Ecology Letters 9: 726–740.
59. Shmida A, Whittaker RH (1981) Pattern and biological microsite effects in two
shrub communities, southern California. Ecology 62: 234–251.
60. Harpole WS, Tilman D (2007) Grassland species loss resulting from reduced
niche dimension. Nature 446: 791–793.
61. Hubbell SP (2001) The unified neutral theory of biodiversity and biogeography.
Princeton, NJ: Princeton University Press.
62. Suttle KB, Thomsen MA, Power ME (2007) Species interactions reverse
grassland responses to changing climate. Science 315: 640–642.
Shrub Invasion and Stability
PLoS ONE | www.plosone.org 8 June 2008 | Volume 3 | Issue 6 | e2332